We show that both cross and bar states with high extinction ratios larger than 30 dB can be achieved at the same end of ultra short fused vertical directional coupler switches (FVCSs) with two sections by changing the refractive indices of cores and inner cladding layer less than 1%. The improvement of extinction ratios for various combinations of the refractive indices in a two-section FVCS is studied using the improved coupled theory and beam propagation method. Design guidelines to achieve high extinction ratios with large tolerances are presented.
Introduction
Major requirements for optical packet switching elements are low loss, scalability, low polarization dependence, and high extinction ratios. Recently, a novel fused vertical coupler (FVC) with a very short coupling length of 62 µm was demonstrated. 1) Since the technique of wafer fusion can be used to combine waveguides fabricated on two different substrates into three-dimensional structures, the problem of the two vertical waveguide separation can be solved. In addition, application of a bias at the fused layers will allow a change of mode overlap integral for switching purposes. 1) Ultra short directional couplers have an inherent limitation in their cross state extinction ratio due to non-orthogonality of individual waveguide modes. One can improve the extinction ratio for the cross state by using slight asymmetry in the structure.
2) This comes, however, at the expense of poorer bar state extinction ratios. For the application of FVCs as switching elements, both cross and bar states should have high extinction ratios. One can achieve the bar state with high extinction ratios larger than 30 dB by employing two-section structures with a proper asymmetry in the first section and a symmetric second section. The core refractive indices for the waveguides in section 2 should be equal to the core index of the waveguide in section 1 in which the power is not launched. In these structures the bar state with high extinction ratios larger than 30 dB can be achieved at the ends of section 2. 3) We show that both cross and bar states with high extinction ratios larger than 30 dB can be achieved in ultra short (< 100 µm) fused vertical directional coupler switches (FVCSs) with two sections by modifying the refractive indices of cores and inner cladding layers by an amount less than 1%. Transfer matrix method and the improved coupled mode theory (ICMT) are used to analyze these structures and the results are compared with those of the 2D finite difference beam propagation method (BPM). In addition, the design guidelines to achieve high extinction ratios with large tolerances are presented. This paper is organized as follows. In §2, the improved coupled mode theory (ICMT) and the transfer matrix method are briefly described for multisection vertical directional couplers. Section 3 gives the design procedure and examples for ultra short fused vertical directional coupler switches with two sections which have both cross and bar states with high extinction ratios larger than 30 dB. Also, the design guidelines to achieve high extinction ratios with large tolerances are presented. Finally, conclusions are given in §4.
Improved Coupled Mode Theory and Transfer Matrix Method in Multisection Vertical Directional Couplers
The improved coupled mode equations in the ith segment of a two-section vertical directional coupler shown in Fig. 1 are given by
where
t,a ·ẑdxdy, The mode amplitudes at the end of section 2 of waveguides A and B, a (2) (L) and b (2) (L), can be expressed by the transfer matrix and are related to the mode amplitudes of waveguides A and B at the input of section 1, a (1) (0) and b (1) (0), as follows:
where the transfer matrix in the ith section is given by
and l (i ) is the length of each section. The output power at the end of each section for waveguides A and B, P
Simulation Results and Design Guidelines
Figure 1(a) shows the FVCS with separated input and output waveguides. Since the two-dimensional index profile of an FVCS could be reduced to one dimension using the effective index method, the coupling length and the extinction ratio for TE mode are calculated in the slab waveguide geometry to obtain the design guidelines. The schematic diagram of the one-dimensional index profile in the straight interaction region of vertical directional coupler switches with two sections is shown in Fig. 1(b) . The parameter values used in our analysis are n ca = n cb = 3.17, n b (1) = n b (2) = 3.37, d a = d b = 0.5 µm, and the wavelength is 1.55 µm. The results for the TE mode are presented. The results of the TM mode are similar to those of the TE mode. Assuming that the power is incident into the waveguide A, without the loss of generality, the extinction ratio of cross and bar states of the section i is defined as P Both cross and bar states can be achieved at the end of a device if we match the twice coupling length of the bar state to the triple coupling length of the cross state by changing the refractive index of inner cladding layers. High extinction ratios for the cross state is achieved by controlling the asymmetry of refractive indices of cores for n a (1) = n a (2) and n b (1) = n b (2) . Also, one can achieve high extinction ratios for the bar state using the optimum asymmetry of refractive indices of cores in section 1 for
That is, switching operation is achieved by changing the refractive index of the inner cladding layer. And high extinction ratios for both cross and bar states are achieved by the asymmetry of refractive indices of cores.
The procedure for the design of ultra short fused vertical directional coupler switches is as follows:
as a function of the refractive index of the inner cladding layer for n a (1) at which the maximum extinction ratio occurs when n b (1) = n a (2) = n b (2) = 3.37 in twosection fused vertical couplers. 2. Calculate the device length (L = 3l c,cross ) of a cross state as a function of the refractive index of the inner cladding layer for n a (1) = n a (2) at which the maximum extinction ratio occurs when n b (1) = n b (2) = 3.37. 3. Find the range of the difference of refractive indices of inner cladding layers less than 1% between bar and cross states. 4. Find the range of the optimum asymmetry of refractive indices of cores less than 1% within the range of finding through procedure 3. 5. Based on the results of the above procedures, determine the refractive index of the inner cladding layer providing the same device length for bar and cross states and control the asymmetry of refractive indices of cores to achieve the high extinction ratios larger than 30 dB. Figure 2 shows the device length for bar and cross states as a function of the refractive index of the inner cladding layer when the inner cladding layer thickness is 0.6 µm. In order to achieve high extinction ratios larger than 30 dB, the index of waveguide A in section one [n a (1) ] has been optimized. One can see that the refractive index change of the inner cladding layer for a switching operation decreases as the refractive index of the inner cladding layer increases. Also, the results of ICMT agree very well with those of BPM. S.-C. CHO et al. 4047 operation is denoted by n ci = n ci,cross − n ci,bar . The optimum asymmetry of refractive indices of two cores in section 1 at which the maximum extinction ratio occurs is denoted by n asy = n b − n a . Also, one can see that the asymmetry of the refractive indices of two cores in section 1 (equal to the change of refractive index of core A) increases as the refractive index of the inner cladding layer increases (see Fig. 3 inset). The change of the inner cladding layer refractive index for a switching operation is larger than 0.03 for the refractive index of the inner cladding layer less than 3.21. And the asymmetry of the refractive indices of two cores is larger than 0.03 for the inner cladding layer refractive index larger than 3.25. Thus, FVCSs must be designed in the range of the refractive index of the inner cladding layer from 3.21 to 3.25. In order to obtain the design guidelines for ultra short twosection FVCSs, the tolerances of refractive indices of the inner cladding layer and cores which give high extinction ratios larger than 30 dB for three cases denoted in Fig. 3 are calculated. First case is n ci = 0.03, n asy = minimum (case I), second case is n ci = n asy = 0.025 (case II), and third case is n asy = 0.03, n ci = minimum (case III). Figure 4 shows the refractive index of each layer, device length, and extinction ratios for (a) cross state and (b) bar state when the change of refractive index of the inner cladding layer for the switching operation is 0.03 (case I). The optimum asymmetries of refractive indices of two cores for cross and bar states are n asy,cross = n b,cross − n a,cross = 0.021 and n asy,bar = n b,bar (1) − n a,bar (1) = 0.008, respectively. Since the refractive index of the inner cladding layer for the cross state is larger than that for the bar state, the optimum asymmetry to achieve high extinction ratios for the cross state is larger than that for the bar state. Thus, the limitation of optimum asymmetry is determined by that for the cross state.
In the case of the cross state, the tolerances of refractive indices of the inner cladding layer and cores which give high extinction ratios larger than 30 dB are δn ci | >30 dB = 0.0046 and δn asy | >30 dB= 0.0049, respectively. In the case of the bar state, the tolerances of refractive indices of the inner cladding layer and cores are δn ci | >30 dB = 0.0106 and δn asy (1)| >30 dB = 0.002, respectively. Figure 5 shows the refractive index of each layer, device length, and extinction ratios for (a) cross state and (b) bar state when the change of refractive index of the inner cladding layer and that of cores for the switching operation are the same as 0.025 (case II). Since the optical power confined in cores decreases while that confined in the inner cladding layer increases as the strength of coupling between two cores increases (the refractive index of the inner cladding layer increases), the optimum asymmetry of refractive indices of two cores to obtain the maximum extinction ratio increases while the change of refractive index of the inner cladding layer for the switching operation decreases as the refractive index of the inner cladding layer increases. Thus, the optimum asymmetry of refractive indices of two cores of Fig. 4 (0.0106) . Figure 6 shows the refractive index of each layer, device length, and extinction ratios for (a) cross state and (b) bar state when the change of the refractive index of the inner cladding layer for the switching operation is 0.017 (case III). The optimum asymmetries of refractive indices of two cores for the cross state and the bar state are n asy,cross = n b,cross − n a,cross = 0.03 and n asy,bar = n b,bar (1) − n a,bar (1) = 0.012, respectively. Since the case of Fig. 6 is the strongest coupled waveguide system among the three cases considered, the change of the refractive index of the inner cladding layer for the switching operation is the smallest while the optimum asymmetries of refractive indices of two cores for cross and bar states are the largest among the three cases considered. Also, the tolerances of refractive indices of cores for the cross state and bar state, δn asy (1)| >30 dB , is the largest as 0.014 and 0.0025, respectively, while those of the inner cladding layer, δn ci | >30 dB , are the smallest as 0.0035 and 0.0074, respectively. Figure 7 shows the device length for the cross state and the bar state with high extinction ratios larger than 30 dB calculated as a function of the refractive index of the inner cladding layer when the inner cladding layer thickness is 0.7 µm. Since the inner cladding layer thickness of Fig. 7 is larger than that of Fig. 3 , the coupled waveguide system shown in Fig. 7 is a weaker coupled waveguide system than that shown in Fig. 3 for the same refractive index of the inner cladding layer so that the coupling length of Fig. 7 is longer than that of Fig. 3 . Thus, the change of the refractive index of the inner cladding layer for the switching operation increases while the optimum asymmetries of refractive indices of two cores for cross and bar states decrease for the same refractive index of the inner cladding layer as the inner cladding layer thickness increases. For example, the required refractive index change of the inner cladding layer for the switching operation increases from 0.025 to 0.028 and device length increases from 70 µm to 93 µm, while the optimum asymmetries of refractive in- Table I . Tolerances of refractive indices of the inner cladding layer and cores for the cases in which n ci = 0.03, n ci = n asy , and n asy = 0.03 when the inner cladding layer thickness are 0.5, 0.6, and 0.7 µm, respectively. dices of two cores for the cross state decrease from 0.025 to 0.016 when the inner cladding layer thickness increases from 0.6 µm to 0.7 µm for the refractive index of the inner cladding layer of 3.22. In order to investigate the effect of the inner cladding layer thickness on the characteristics of FVCSs, the tolerances are calculated for various thicknesses of the inner cladding layer. The results are shown in Table I . Since refractive indices of the inner cladding layer to achieve the cross state are larger than those of the bar state, the tolerances of refractive indices of the inner cladding layer of the cross state are smaller than those of the bar state, while those of cores of the bar state are smaller than those of the cross state. Thus, we show the small tolerance for each case in Table I .
We can summarize the results as follows: 1. The change of the refractive index of the inner cladding layer for the switching operation and the length of devices decrease as the refractive index of the inner cladding layer increases. 2. The optimum asymmetry of refractive indices of cores for the maximum extinction ratio increases as the refractive index of the inner cladding layer increases. 3. The tolerance δn asy | >30 dB increases, while δn ci | >30 dB decreases as the refractive index of the inner cladding layer increases for the same thickness of the inner cladding layer. 4. The change of the refractive index of the inner cladding layer for the switching operation decreases as the inner cladding layer thickness decreases. 5. The change of the refractive index of cores for the switching operation increases as the inner cladding layer thickness decreases. Thus, there is the minimum thickness of the inner cladding layer for the switching operation if one wants to limit the switching to less than 1% change in refractive indices. 6. The tolerances of refractive indices of cores and that of the inner cladding layer increase as the inner cladding layer thickness decreases. Design guidelines for ultra short FVCSs are as follows. The tolerances of the refractive index of the inner cladding layer and that of cores increase as the inner cladding layer thickness decreases. The range of the refractive index of the inner cladding layer with its change less than 1% for the switching operation always exists regardless of the inner cladding layer thickness. However, the minimum thickness of the inner cladding layer for the switching operation exists because the change of refractive indices of cores for the switching operation is larger than 1% when the inner cladding layer thickness is less than the minimum thickness. In this case the minimum thickness is 0.5 µm.
It is important to note that achieving large extinction ratios for both cross and bar states requires control of refractive index in both inner cladding and core regions of the waveguides. The required changes can be realized using electro optic effect or carrier injection. With appropriate doping profile and material composition or orientation, one can control the change in the refractive index of different regions. For example Liu et al. 5) have recently demonstrated push-pull operation for a vertical coupler switch with a use of a single electrode. This takes advantage of the anisotropic electrooptic effect in zinc-blende semiconductors. In fact when the applied electric field is perpendicular to the (001) surface, it gives a positive index change for TE polarized light propagating along [110] direction and a negative index change for light propagating along the [110] direction.
Conclusions
Both cross and bar states with high extinction ratios larger than 30 dB can be achieved at the same end of ultra short fused vertical directional coupler switches with two sections by changing the refractive indices of the inner cladding layer and cores by an amount less than 1%. The tolerances of the refractive indices of the inner cladding layer and cores to achieve high extinction ratios larger than 30 dB increase as the inner cladding layer thickness decreases. However, the minimum thickness of the inner cladding layer for the switching operation exists because the change of the refractive index of cores for the switching operation is larger than 1% when the inner cladding layer thickness is less than the minimum thickness.
